Cowpeas grown in nutrient solutions, from which Ni had been removed by a lignd exchane technique, accumulated urea in most tissues. Urea levels were highest (up to 3.1 percent dry weight) in necrotic leaf tips. Urea accumulation in Ni-deficient cowpea tissues amounted to about 1 percent of the total N. The accumulation of urea was presumably associated with the catabolism of N compounds in older tissues and the redistribution of N catabolites within the plant during the reproductive growth. 
and displayed necrotic symptoms had tissue Ni levels ranging from less than 0.01 to 0.15 gtg Ni per gram dry weight. Nickel concentrations in tissue from plants not treated with Ni, were initially very low, but increased as the cowpeas matured. Apparently, there was a source of Ni contamination in the Ni-deficient growth media which provided a source of Ni for uptake by the plants during growth. Ureide levels were low and unaffected by Ni deprivation. No evidence for free purines or uric acid accumulation in plant tissues could be found. It is hypothesized that Ni (and urease) participates in the normal N metabolism of these plants during the reproductive phase of growth.
Urea has been identified as the causative agent responsible for necrotic leaflet tips of Ni-deficient legumes (8, 9) . Urea accumulation was associated with a 45% decrease in leaf urease activity and occurred in plants either supplied N salts or effectively nodulated. Depression of urease activity in Ni-deprived plants has been noted by several workers, and an absolute requirement for Ni has been demonstrated for growth of plant tissue supplied urea as the sole source of N (1 1, 13, 21, 32) .
Metabolic pathways of urea synthesis in plant tissues include catabolism of purine bases and ureides (23, 27) , arginine catabolism via the ornithine cycle (14) , and the conversion of canavanine to canaline in certain plants that accumulate canavanine (32) . Nitrogen-fixing plants typically have higher in Ni-deprived plants fixing N (8, 9) . The appearance of necrotic leaflet tips was always associated with the commencement ofreproductive growth (i. (8, 9) . The necroses were first observed after 49 d of growth and were widespread by 54 d. Nickel-deprived, N-supplied cowpeas contained readily detectable levels of urea in all tissues with the exception of the petioles (Fig. 2 , Tables I and II) . In marked contrast, tissues of Nisupplied cowpeas contained only a trace of urea, determined as urease-released ammonia. Roots ofNi-supplemented plants contained the highest urea concentrations of the plant material analyzed for this treatment. These low levels may be interpreted as ammonia released from the aLJantoic acid or allantoin which were also present in these extracts.
Urea concentrations varied within leaves and with leaf age. The high levels of urea in the tips of leaflets were clearly associ- ated with necrosis. The concentration of urea was already significant at the first harvest after 56 d (Fig. 2) and accumulated over the ensuing period of flowering and podfill, with a final period of rapid increase before declining at the final harvest at 101 d. In young leaves, the concentration of urea was first observed at d 92 to be lower than in mature leaves, but remaining high over the final period of plant senescence (Fig. 2) . At the final harvest, the new growth had the highest concentrations of urea present in any tissue, followed by young leaves which had a slightly lower concentration (Table I) . Urea concentrations in fruits of Ni-deprived plants were initially higher than in leaves but declined with time to be generally lower than leaves over the main period of podfill (Fig. 2 , Tables I and II) . Within the fruit, the seed-urea concentration was usually lower than in the pericarp. Green fruits of Ni-depleted plants had higher urea concentrations than mature fruits (Table II) .
Dry matter yields of plants at the final harvest were not significantly affected by nutrient treatments, averaging 86 ± 14 g/plant over all treatments. However, the removal of N salts from the nutrient solution, 3 weeks prior to the final harvest, led to a marked depression of apical growth. Thus, at the final harvest no leaves ofNi-deprived plants and few ofthose ofplants supplied Ni could be termed 'new growth'. The removal of N also markedly depressed urea content in the root (Table I) with minimal effects elsewhere in the plant. Because of the significant bulk of the roots, total urea content of Ni-deprived plants was around 1700 umol in plants supplied N throughout growth, compared to 1000 Mmol in those which had N removed. Assuming normal values of plant-N, 1700 Mmol of urea represented around 1% of total plant-N or around 10% of the total soluble N.
Several metabolites from which urea can be derived were measured. Allantoin and allantoic acid concentrations in mature leaves of Ni-deprived and Ni-supplied cowpeas, harvested at various times between 56 and 96 d of growth, did not vary significantly over the course of the experiment and Ni supplementation had no significant effect on the concentration of these ureides in mature leaves. The concentration ofallantoin averaged 0.73 ± 0.08 (n = 7) jmol g-' dry matter for the -Ni treatment (0.49-1.17 Mmol g-' dry matter) and averaged 0.67 ± 0.08 (n = 7) Mmol g-' dry matter for the +Ni treatment (ranging from 0.36 to 1.02 Mmol g-' dry matter). Allantoic acid concentrations averaged 0.96 ± 0.31 (n = 7) umol g-' dry matter for the -Ni treatment (0.30-2.65 Mmol g-' dry matter) and 0.94 ± 0.23 (n = 7) umol g-' dry matter for the +Ni treatment (0.31-1.94 umol g-' dry matter). Total ureide concentrations were low, typical of plants supplied N salts (15, 17) and no marked variations resulting from Ni-deprivation were observed (Table III) . The removal ofN salts from the nutrient solution resulted in lower total ureide levels in stem and roots and higher levels in leaf tissues (Table  III) . In fruits, total ureides were not significantly affected by treatments, but were higher in seeds (7.79 ± 0.52 [n = 21] Mmol g-' dry matter over all treatments) than in pericarps (3.00 ± 0.20
[n = 21] gmol g-' dry matter). Allantoic acid concentrations followed the same trends as total ureides, but ranged from below 50% of the total ureides present to around 100% of the total ureides in some tissues. The latter values were found in some young leaves and new growth samples at the final harvest (101 d) and may have been due to loss of some glyoxylate during the first step of the ureide assay-the alkaline hydrolysis. However, no trace of glyoxylate could be found in various plant parts analyzed.
Levels of purines in hot-water extracts of plant tissues were found to be below the detection limits of the chromatographic method used except for traces of adenine. The absence of measurable amounts of free purines and uric acid in normal plant material has been reported by other workers (4, 5, 20) . Although similar claims have been made for the absence of urea in plant tissues, the present case of Ni-limited metabolism is an obvious exception.
Arginine concentrations in leaves varied with plant age. Generally, leaves of Ni-deficient plants contained slightly higher levels of arginine than Ni-supplemented plants (Fig. 3) . The concentrations of arginine in root and stem tissues were higher than in leaves at the final harvest (Table IV) . The concentrations in these tissues were depressed by the removal of fixed-N from nutrient solutions over the final 3 weeks of growth (data not shown). The levels of other amino acids, including ornithine, were also monitored and no changes in their concentrations resulting from Ni treatments were observed. This is in contrast to another study on urea-supplied soybeans and tomato plants that showed changes in levels of several amino acids in response to Ni supplementation (26 (Fig. 2) may have been the result of higher urease activity in the fruits (22) than in other tissues of the Ni-deficient plants. Possibly, urea formation in fruits was relatively low since they may have catabolized little protein and the ureide concentrations were also low in these tissues.
The accumulation of urea in higher plant tops is a phenomenon unique to Ni-deficiency. Many early reports ofurea in higher plants were questioned by reviewers subsequent to the realization that urea may be released from ureides present in plant tissue (2, 30) . Urea is not known to be catabolized other than through urease in higher plants. A pathway for urea catabolism in Chlorella involving the synthesis of allophanate and its subsequent hydrolysis to CO2 and NH3 has been described (29) . However, this alternate pathway is not thought to occur in higher plants. The incorporation of urea into organic molecules as a complete moiety is also not known (28) . Figure 4 shows all known reactions that form urea in higher plants. The A major accumulation of arginine resulting from the accumulation of urea might have been avoided by the existence of another pathway of arginine catabolism that avoided urea synthesis (Fig. 4) . Mazelis ( 18) has suggested that putrescine synthesis from arginine is such a reaction, but the existence ofthis reaction has been questioned (31) . Another pathway of arginine catabolism forms -y-guanidinobutyrate which is hydrolyzed to yield urea and y-aminobutyrate (18).
The high concentrations of arginine found in root and stem tissues at the final harvest were markedly depressed by the removal of N salts supplied in the nutrient solution. Thus, arginine may play a role as a storage or translocation form of N in these tissues (18) . The N economy of the Ni-deprived plants was limited by their inability to catabolize urea as shown by the extensive urea accumulation in plant tissues, some of this being found in the roots. Possibly, the accumulation of urea in the roots suggests that N metabolism in cowpea roots appears to differ in some important respects from that which occurs in shoots. If roots of Ni-adequate plants synthesize urea but have no urease to catabolize it, then urea would accumulate in the roots especially if urea translocation were slowed by supplying the plants high levels of inorganic N (as was the case in this experiment). The urea in the tops would be catabolized if adequate urease were present (as for Ni-adequate plants). For Nideficient plants, the urea would accumulate in the tops because of a deficiency of enough active urease in the leaves. However, in this-experiment we did not determine the level of urease in the roots but plan to do so in future experiments. The level of urea accumulation may be indicative of catabolized N having been circulated through the ornithine cycle. The decline in arginine upon N removal may be indicative of newly absorbed N having passed through the same process (Table IV) . Why such cycling of N should occur is not clear. It may be hypothesized that Ni (and urease) participates in the normal N metabolism of these plants during their reproductive phase. Notably, the growth of the plants in nutrient solution may have ameliorated the urea accumulation by allowing urea to readily leach out of the roots.
The deprivation of adequate Ni in cowpea plants led to widespread accumulation of urea in their leaves. This accumulation reached its highest concentrations in the young leaves and their tips. The accumulated urea was associated with the catabolism of N metabolites destined to be transported to seeds for storage. Plant leaves that displayed necrotic leaf symptoms and that contained toxic urea levels had Ni concentrations of around 0.1 ,Mg g-' dry weight. Little evidence of further effects of urea accumulation on its precursors were found. Arginine levels were minimally influenced by Ni deprivation.
